Introduction {#sec1-0300060516676724}
============

Asthma is a heterogeneous disease with symptoms of chronic inflammation and airway structural and functional changes.^[@bibr1-0300060516676724],[@bibr2-0300060516676724]^ It affects about 300 million people worldwide and causes 250 000 deaths annually, but its symptoms can be greatly relieved by regular use of inhaled glucocorticoids (GCs).^[@bibr3-0300060516676724]^

GCs are important chemicals widely used in the therapy of inflammatory diseases. Furthermore, they are involved in many cellular activities such as cell survival, proliferation, and differentiation through a variety of signalling cascades in many cell types and tissues.^[@bibr4-0300060516676724]^ GCs exert their effects through interacting with glucocorticoid receptors (GRs).^[@bibr5-0300060516676724]^ After the interaction with GCs, GRs activate and translocate into the nucleus to function as transcription factors via three main mechanisms^[@bibr6-0300060516676724]^: (1) directly binding to glucocorticoid response elements to promote transcription of anti-inflammatory genes including secretory leukocyte protease inhibitor (SLPI),^[@bibr7-0300060516676724]^ mitogen-activated protein kinase phosphatase-1 (MKP-1),^[@bibr8-0300060516676724]^ and glucocorticoid-induced leucine zipper (GILZ)^[@bibr9-0300060516676724],[@bibr10-0300060516676724]^; (2) directly binding to cAMP response element binding protein-binding protein (CBP) to repress the functions of proinflammatory transcription factors such as nuclear factor- κB (NF-κB)^[@bibr11-0300060516676724],[@bibr12-0300060516676724]^; (3) increasing the expression of tristetraprolin (TTP) that represses the expression of some inflammatory cytokines such tumour necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 by reducing the stability of their mRNAs.^[@bibr13-0300060516676724],[@bibr14-0300060516676724]^ Unactivated GRs reside predominantly in the cytoplasm together with a chaperone complex consisting of heat shock protein (Hsp) 70 and Hsp90. While Hsp90 protects GRs from aggregation and enhances their ligand affinity, HSP70 facilitates GR aggregation and reduces their ligand affinity.^[@bibr15-0300060516676724]^

Diosgenin is a naturally occurring steroidal saponin abundantly present in many medicinal plants including *Dioscorea nipponica*. It was found to attenuate allergen-induced intestinal inflammation and treat asthma.^[@bibr16-0300060516676724],[@bibr17-0300060516676724]^ However, the underling molecular mechanisms are still unclear. Considering that its structure is similar to GCs,^[@bibr18-0300060516676724]^ we hypothesized that diosgenin might function through affecting GRs involved in anti-inflammatory pathways. Our results indicated that diosgenin suppresses the secretion of TNF-α, IL-1β, and IL-6 through enhancing the expression of GRs in ovalbumin (OVA)-induced asthmatic mice and primary airway epithelial cells. Our data also demonstrated that diosgenin enhanced the expression of GRs SLPI, TTP, GILZ, and MKP-1, while reducing the expression of NF-κB in primary airway epithelial cells.

Materials and methods {#sec2-0300060516676724}
=====================

Reagents and antibodies {#sec3-0300060516676724}
-----------------------

Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Rabbit anti-mouse GR, HSP70, SLPI, MKP-1, GILZ, NF-κb, TTP, and β-actin antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA. Goat anti-Rabbit IgG/horseradish peroxidase (HRP) was obtained from KPL, Inc (Gaithersburg, MD, USA). All primers were synthesized by Genepharma (Shanghai, China). BALB/c mice were provided by Slaccas (Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits for mouse IL-6, IL-1β, and TNF-α were purchased from Abnova (Taipei, Taiwan).

Animals {#sec4-0300060516676724}
-------

Specific-pathogen-free female BALB/c mice were used in this study. All animal experiments were approved by Animal Care and Use Committee of Zhejiang Chinese Medicine University. Animals were divided into groups as follows: (1) normal control group; (2) OVA-induced asthma group; (3) asthma group with diosgenin treatment; (4) asthma group with prednisone acetate treatment; (5) asthma group with diosgenin and prednisone acetate treatment; (6) asthma group with RU486 treatment; (7) asthma group with RU486 plus diosgenin treatment; (8) asthma group with RU486 plus prednisone acetate treatment.

The asthmatic mouse model was established by OVA sensitization. On days 1 and 7, mice were injected intraperitoneally (i.p.) at 200 µl/mouse with 50 µg of alum-precipitated chicken egg OVA. Following the injections and beginning on day 15, mice were exposed to 5 mg/ml aerosolized OVA in a 0.85% NaCl solution for 30 min/day over 14 consecutive days. Mice in the normal control group were injected i.p. and exposed to the aerosolized 0.85% NaCl solution alone. Diosgenin (100 mg/kg/day)^[@bibr19-0300060516676724][@bibr20-0300060516676724]--[@bibr21-0300060516676724]^ and 5 mg/kg/day prednisone acetate^[@bibr22-0300060516676724]^ were intragastrically administered starting on day 15 over 14 consecutive days. RU486 (10 mg/kg) was injected i.p. starting at day 15 for 14 consecutive days.

Mice in each group were anaesthetized with 3 ml/kg of 3% pentobarbital at 24 h after the last treatment. Bronchoalveolar lavage fluid (BALF) from the left mouse lung was collected for ELISA analysis. The right mouse lung was collected for haematoxylin and eosin (HE) staining, quantitative PCR, and western blotting.

Isolation and culture of primary tracheal epithelial cells (TECs) {#sec5-0300060516676724}
-----------------------------------------------------------------

TECs were isolated from the tracheas of normal and OVA-induced asthmatic BALB/c mice, and analysed as passage 0 cells.^[@bibr23-0300060516676724]^ The cells were maintained in DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 50 µg/ml streptomycin. Cells from asthmatic mice were treated with various drugs including: (1) diosgenin (0.5, 1, 5, and 10 µM; (2) prednisone acetate (10 nM, 50 nM and 100 nM); (3) 10 µM diosgenin plus 100 nM prednisone acetate; (4) 100 nM RU486; (5) 100 nM RU486 plus 10 µM diosgenin; (6) 100 nM RU486 plus 100  nM prednisone acetate. All treatments were applied for 1 h, and then culture media and cells were collected separately for different analyses. Culture media and cells from normal and asthmatic mice without any treatment were used as controls. Culture media were applied to ELISAs. Cells were analysed by quantitative PCR and western blotting.

HE staining {#sec6-0300060516676724}
-----------

Right lung tissues of mice in each group were excised, fixed in 4% formaldehyde for 24 h, embedded in paraffin, sectioned at of 5 µm in thickness, and prepared for HE staining. Nuclei were stained with alum haematoxylin and cytoplasm was stained with eosin. Images of sections from each group were obtained under an inverted microscope for comparison of pathomorphological changes.

ELISAs {#sec7-0300060516676724}
------

Concentrations of IL-6, IL-1β, and TNF-α in culture media and mouse BALF were measured by ELISAs. Cells were seeded in a 6-well culture plate. At 1 h after each treatment, culture supernatants were collected and stored at −80℃ before analysis. The mouse left lung was lavaged with PBS at 24 h after the last treatment, and BALF was stored at −80℃ before analysis. All ELISA steps were performed according to the manufacturer's instructions.

Quantitative PCR {#sec8-0300060516676724}
----------------

Total RNA was extracted from tissues and cells using TRIzol Reagent and reverse transcribed with a Superscript Reverse Transcription kit (Thermo Fisher). Quantitative real-time PCR was performed using SYBR Green Master Mix (Bio-rad) in a Bio-Rad C1000 Thermal Cycler. The following primers were used: GRα forward: 5′-ACACAGGCTTCAGGTATCTT-3′, GRα reverse: 5′-ACTGCTTCTGTTGCCAAG-3′; HSP70 forward: 5′-CTGACAAG AAGAAGGTGCTGG-3′, HSP70 reverse: 5′-AGCAGCCATCAAGAGTCTGTC-3′; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) forward: 5′-CCAGGTGGTCTCCTCTGA-3′, GAPDH reverse: 5′-GCT GTAGCCAAATCGTTGT-3′. mRNA expression was normalized to GAPDH mRNA levels.

Western blotting {#sec9-0300060516676724}
----------------

Animal tissues were snap frozen in liquid nitrogen and ground with a mortar. Proteins were extracted with protein lysis solution (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% SDS, 0.5% sodium deoxycholate, and 0.5% Triton X-100) on ice. Whole cell proteins were also extracted with protein lysis solution. Protease inhibitors were added to the lysates. Protein concentrations were measured with a bicinchoninic acid assay. Western blot analysis was performed using the following antibodies: rabbit anti-mouse GR, HSP70, SLPI, MKP-1, GILZ, NF-κb, TTP, and β-actin. Briefly, equal amounts of protein (50 ng) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. HRP-conjugated goat-anti-rabbit IgG was used as the secondary antibody. Bound antibodies were detected with an ECL chemiluminescent kit (Pierce) and exposed on x-ray film.

Statistical analysis {#sec10-0300060516676724}
--------------------

The Student's t test was applied to analyse statistical differences between groups. p \< 0.05 was considered to be statistically significant. Each experiment was repeated at least three times.

Results {#sec11-0300060516676724}
=======

Diosgenin reduces inflammatory cell infiltration and secretion of TNF-α, IL-1β, and IL-6 in asthmatic BABL/c mice

To evaluate the anti-inflammatory effects of diosgenin, we established asthmatic BABL/c mice by OVA induction. Subsequently, asthmatic mice were treated with 100 mg/kg/day diosgenin and/or 5 mg/kg/day prednisone acetate. Prednisone acetate is commonly used to control inflammation during clinical treatments through interactions with GRs. HE staining of the lung bronchus was applied to assess inflammatory cell infiltration under various treatments. In the asthma group, inflammatory cells had infiltrated around airways in clusters ([Figure 1](#fig1-0300060516676724){ref-type="fig"}). In addition, the tracheal epithelium and smooth muscle layer were thickened compared with the control group. These symptoms indicated that the asthma models were established successfully. After treatments with diosgenin and/or prednisone acetate, inflammatory cell infiltration was hardly seen. Inflammatory cell infiltration was found again around airways after administration of RU486 that functions as a GR antagonist.^[@bibr24-0300060516676724]^ Furthermore, we measured the concentrations of TNF-α, IL-1β,and IL-6 in BALB/c mouse BALF. The secretion of these cytokines was significantly higher in the asthma group than the normal group. As expected, the amounts of the cytokines were reduced obviously in asthmatic mouse BALF after treatment with 100 mg/kg/day diosgenin and/or 5 mg/kg/day prednisone acetate. Treatment with RU486 blocked the effects of diosgenin and prednisone acetate. As shown in [Figure 2](#fig2-0300060516676724){ref-type="fig"}, cytokine secretion returned to levels similar to those the untreated asthmatic mouse group. Taken together, diosgenin reduces inflammatory cell infiltration and secretion of TNF-α, IL-1β, and IL-6 in asthmatic BALB/c mice, possibly through interactions with GRs because RU486 suppressed its anti-inflammatory effects. Effects of diosgenin on expression of GRs and HSP70 in asthmatic BALB/c mice Figure 1.Comparisons of HE staining in the left lung bronchus (200×) and lung inflammatory cell infiltration in BALB/c mice. There were eight groups including normal control, asthma, asthma + diosgenin, asthma + prednisone, asthma + diosgenin + prednisone, asthma + RU486, asthma + RU486 + diosgenin, and asthma + RU486+ prednisone. Purple-blue-stained cells around the airway are infiltrated inflammatory cells. Their numbers indicate the severity of asthma. Figure 2.ELISA analyses of IL-1β (a), IL-6 (b), and TNF-α (c) in BALB/c mouse BALF of various groups. There were eight groups including normal control, asthma, asthma + diosgenin, asthma + prednisone, asthma + diosgenin + prednisone, asthma + RU486, asthma + RU486+ diosgenin, and asthma + RU486 + prednisone. Values are means ± SD (n = 3). \* P \< 0.05, significant differences between drug-treated groups and asthmatic groups.

To investigate whether diosgenin functioned through interacting with GRs, quantitative PCR and western blotting were employed to measure the mRNA and protein levels of GRs and their chaperones in mouse lung tissues. As shown in [Figure 3(a)](#fig3-0300060516676724){ref-type="fig"}, the mRNA level of GRα was greatly reduced in lung tissues of asthmatic mice compared with normal mice. Interestingly, diosgenin and/or prednisone acetate treatment recovered the mRNA level of GRα. Furthermore, we found that diosgenin and/or prednisone acetate treatment reduced the mRNA level of HSP70 that blocks the activation of GRs ([Figure 3(b)](#fig3-0300060516676724){ref-type="fig"}). As demonstrated in [Figure 3(c)](#fig3-0300060516676724){ref-type="fig"}, diosgenin and/or prednisone acetate treatment enhanced the protein level of GRs while attenuating the protein level of HSP70, which was consistent with our quantitative PCR results. Taken together, diosgenin exerts its anti-inflammatory effect by upregulating the expression of GRs and downregulating the expression of HSP70 in asthmatic BALB/c mice. Diosgenin reduces the secretion of TNF-α, IL-1β, and IL-6 in primary TECs Figure 3.Quantitative PCR and western blot analyses of GRα and HSP70 expression levels in BALB/c mouse lung tissues of various groups. There were eight groups including normal control, asthma, asthma + diosgenin, asthma + prednisone, asthma+ diosgenin+ prednisone, asthma + RU486, asthma + RU486 + diosgenin, and asthma + RU486+ prednisone. (a) Quantitative PCR data of changes in GRα mRNA levels among groups. Values are means ± SD (n = 3). \* P \< 0.05, significant differences between drug-treated groups and asthmatic groups. (b) Quantitative PCR data of changes in HSP70 mRNA levels among groups. Values are means ± SD (n = 3). \* P \< 0.05,significant differences between drug-treated groups and asthmatic groups. (c) Western blot data of changes in GR and HSP70 protein levels among groups.

To further reveal the anti-inflammatory effects of diosgenin, we used primary TECs isolated from normal and asthmatic mice. TECs are the main cell type that forms the barrier against allergens, pollutants, and infectious agents.^[@bibr3-0300060516676724]^ These cells also highly express GRs and perform a critical role in inflammation-related signalling.^[@bibr25-0300060516676724]^ As shown in [Figure 4](#fig4-0300060516676724){ref-type="fig"}, the concentrations of TNF-α, IL-1β, and IL-6 in the culture medium decreased with the addition of diosgenin and prednisone acetate in a dose-dependent manner. Thus, 10 µM diosgenin and 100  nM prednisone acetate were selected for the following experiments. As indicated in [Figure 5](#fig5-0300060516676724){ref-type="fig"}, 10 µM diosgenin and/or 100 nM prednisone acetate treatments significantly reduced the secretion of TNF-α, IL-1β, and IL-6 from TECs of asthmatic mice, which was suppressed by RU486 treatment. Taken together, diosgenin reduces the secretion of TNF-α, IL-1β, and IL-6 from TECs of asthmatic mice. Effects of diosgenin on the expression of GRs, HSP70, and downstream molecules in primary airway epithelial cells Figure 4.ELISA analyses of IL-1β (a), IL-6 (b), and TNF-α (c) in BALB/c mouse TECs of various groups. There were nine groups including normal control, asthma, asthma + diosgenin (0.5, 1, 5, and 10 µM), asthma + prednisone (10 M, 50 , and 100  nM). Values are means ± SD (n = 3). \* P \< 0.05, significant differences between drug-treated groups and asthmatic groups. Figure 5.ELISA analyses of IL-1β (a), IL-6 (b), and TNF-α (c) in BALB/c mouse TECs of various groups. There were eight groups incusing normal control, asthma, asthma + diosgenin, asthma + prednisone, asthma + diosgenin + prednisone, asthma + RU486, asthma + RU486+ diosgenin, and asthma + RU486 + prednisone. The concentrations of diosgenin, prednisone and RU486 were 10 µM, 100 nM and 100 nM, respectively. Values are means ± SD (n = 3). \* P \< 0.05, significant differences between drug-treated groups and asthmatic groups.

To confirm that diosgenin functions through affecting GRs and HSP70, quantitative PCR and western blotting were used to measure the changes in mRNA and protein levels of TECs after various treatments. As demonstrated in [Figure 6](#fig6-0300060516676724){ref-type="fig"}, the changes in mRNA and protein levels of GR and HSP70 in TECs isolated from asthmatic mice were similar to those in asthma mouse lung tissues. Treatment with 10 µM diosgenin and/or 100 nM prednisone acetate significantly increased the expression of GR and decreased the expression of HSP70. These results were consistent with data obtained from mouse lung tissues. Furthermore, downstream signalling molecules, including SLPI, TTP, GILZ, MKP-1, and NF-κB, were measured by western blotting. As shown in [Figure 7](#fig7-0300060516676724){ref-type="fig"}, the protein levels of SLPI, TTP, GILZ, and MKP-1 were reduced in TECs from asthmatic mice compared with those from normal mice. Treatment with 10 µM diosgenin or 100 nM prednisone increased the expression of SLPI, TTP, GILZ, and MKP-1. NF-κB expression was enhanced in TECs from asthmatic mice compared with those from normal mice, whereas 10 µM diosgenin or 100 nM prednisone treatment obviously decreased its protein level. Taken together, diosgenin not only enhances the expression of GRs and downstream molecules such as SLPI, TTP, GILZ and MKP-1 in primary airway epithelial cells, but also suppresses the expression of HSP70 and NF-κB. Figure 6.Quantitative PCR and western blot analyses of GRα and HSP70 expression levels in BALB/c mouse TECs of various groups. There were eight groups including normal control, asthma, asthma + diosgenin, asthma + prednisone, asthma + diosgenin + prednisone, asthma + RU486, asthma + RU486 + diosgenin, and asthma + RU486+ prednisone. The concentrations of diosgenin, prednisone and RU486 were 10 µM, 100 nM and 100 nM, respectively. (a) Quantitative PCR data of changes in GRα mRNA levels among groups. Values are means ± SD (n = 3). \* P \< 0.05, significant differences between drug-treated groups and asthmatic groups. (b) Quantitative PCR data of changes in HSP70 mRNA levels among groups. Values are means ± SD (n = 3). \* P \< 0.05, significant differences between drug-treated groups and asthma groups. (c) Western blot data of changes in GR and HSP70 protein levels among groups. Figure 7.Western blot analysis of changes in SLPI, TTP, GILZ, MKP-1 and NF-κB protein levels of TECs from normal and asthmatic mice treated with 10 µM diosgenin or 100 nM prednisone.

Discussion {#sec12-0300060516676724}
==========

Bronchial inflammation is the central feature of asthma and involves increased expression of multiple inflammatory genes.^[@bibr26-0300060516676724]^ Diosgenin is effective for asthma treatment because it plays an important role in immune modulation and anti-inflammation. However, diosgenin-affected molecular signalling cascades are still uncertain. In this study, we found that diosgenin enhanced the expression of GRs and triggered GR-mediated anti-inflammatory signalling pathways. Consequently, the expression of SLPI, TTP, GILZ, MKP-1, and NF-κB was affected by diosgenin. Data were consistent with previously reported studies.

In this present study, OVA-induced asthmatic BALB/c mice were used for animal experiments and primary TEC isolation. Through in vivo and in vitro experiments, we found that diosgenin inhibited the secretion of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6. The secretion of these cytokines is regulated by NF-κB and GRs. Because both diosgenin and GCs have a similar steroidal structure, diosgenin enhanced the expression and activation of GRs. Activated GRs are reported to bind directly to CBP to suppress the expression level of NF-κB,^[@bibr11-0300060516676724],[@bibr12-0300060516676724]^ which leads to reduced secretion of proinflammatory cytokines. This is the first report showing that diosgenin functions through the GR/NF-κB signalling pathway.

We also found that diosgenin induced the expression of SLPI, GILZ, and MKP-1 in TECs through GR activation. These genes are up-regulated by corticosteroids such as dexamethasone^[@bibr7-0300060516676724][@bibr8-0300060516676724]--[@bibr9-0300060516676724]^ that also shares a similar structure. GILZ inhibits T cell activation and the release of TNF-α and IL-1β. MKP-1 contributes to inhibition of IL-6 secretion. Thus, the inhibitive effects of diosgenin on proinflammatory cytokine secretion was partially due to up-regulation of SLPI, GILZ, and MKP-1. Diosgenin treatment also up-regulated the expression of TTP through activation of GRs, which facilitates down-regulation of TNF-α, IL-1β, and IL-6 mRNAs by targeting the AU-rich element.^[@bibr27-0300060516676724]^ Interestingly, we found that the expression of HSP70 was suppressed by diosgenin treatment, which led to HSP90 binding to GRs. As a result, GR functions were enhanced and the symptoms of inflammation were relieved. More studies are needed to reveal specific mechanisms in the future.

Conclusion {#sec13-0300060516676724}
==========

Our data demonstrate that diosgenin suppresses the secretion of TNF-α, IL-1β, and IL-6 by enhancing the expression of GRs SLPI, GILZ, and MKP-1, and inhibiting the expression of HSP70. These data provide some evidence on the molecular mechanism of diosgenin, which might facilitate its clinical applications.
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